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ABSTRACT

The room temperature elastic -.noduhi of hot pressed boron suboxide
were determined irn the 0-16% porosity range using the resonant sphere
technique. Results revealed that Poisson's ratio was constant in this
range and that Young's and shear mnoduli followed Hasselmai' s semi-
empirical relat:on with E0 =68. 5 x 106 psi and A = 5. 1. High speed

photographs of diametrically compressed glass spheres indicate that
fracture initiates near the center of the sphere. Also a stress analysis
of such a sphere shows that the maximum tensile stiress occurs n~ear the
center of the sphere. Tb,-.refore a new test for the tensile strength of
brittle materials is suggested which is not intluenced by surface defects.
The tensile strength of br- on suboxide was determined using the diametrical
compression test and Liues approximately 2S5% lower than four point be-nd
tests were obtained.
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1. Inti oductiin

The subject 0f impact physics has received considerable interest

in the past ten years, particularly in regard to ce~arnic arrmor. A

nun,',er of publications are available which suggest the importance

of various properties for ceramnic armor materials. The properties

most cormmonly considered are microhardncss, compressive strength,

tensile strength, elastic impedance (density x longitudinal sound

velocity) and tll! IHugoniot elastic limit. These are normally con-

sidercd only as indicators however; the only conclusive test of a

candidate cerainic armor material is actual ballistic testing.

A
The rel;itively high, values of compres~iive fitretigth and elastic

impedance inherent in m-aterials such ae dense boron Larbide, silicon

carbide and aluntinum r- 1 make themn attractive imaterialfs for this

application. Dccatise r, armor is used parasitically (e. g. , body

arm-or), the densiity of the armor bc-cornes imp~or-tant. Boronl carbide,

3
with a low theoreticLU denHiv of Z. 5?- gr/cc ,definitely has the

advantage over most other curarnics. It has generally bc'eri con-

sideored au the bt-st of the rnaterialri readily available. When economic

faecwr s be core important thonugh, aluminumn oxiu i andl tiicion ,arbide-

ha sed .nmutcria s should ourmually be coo. ide rud.

One~ of thc two mlainl topics cf inve stigatiozi inl time Jpresrnt work

wari the detcrrniin;' tion oif elastic p- opertie8 rif boron i;%iboxide. Trhis

WOV -k waH initial cd afj. parit of a c haracerizat ion tid]y Of the materI*ialI



in regard to ceramic armnor and other structural application6. One

stimutlus for interest in boron suboxide was its extremely high
20

rrucrohardness reported hy Rizzo et al. Porosity is thp single

MOSt irnportacit parameter which effects elastic properties. Yor

this reasoni a knowledge of the dependence of elastic modulub on

p)IIrosity W.aS llit SS;ry for 111C C~nS1dV.;a tL"c'f 01 anly structural appli-

cation.

It hja ., bf. en shuwn b.y flash X-riiy photogralphy that thu failure of

Ceraillii ar,rl ii n10t only a coDmprUssiv OheL- alt t%2 LsUrfaCe (of impact

but ai ~ v ia t n,i le fa li r( is ilt a ted n'ea r the- bat- . k f u nec of Hte

ccramii c. Tis tensilc failurt. is genu rated by the reflection of a

c oiiiire .s.,ive wa ye. The reflct i on is due to tlj(- kcia S tc innpvdancc(

inib.,iacl teb between0tC, Col'1C Liic nd thi. bac king, nmate -rial. I he

iflitiatiOl OJ t t~lih j lu' occurs 1wnili thU srfc (of the(

back i 'j rac Vt :iL: tOw hajltl), ( ol on fore ,e tillL aiCla Lu u .: t 'i

a vinci mlat rials". 'Iimucy ha vu' a tcxiiptcd to deal wvith tis p roblcin by

:±ddim IIUCtilityLv theII Ur'011ki1 I.", OIh' iaddJIt1 Of it mlltILC phAISe

Lit- bilL 1- SiJl'i t. . 'I 1 ie s lJ,Lt('l~i5I llt\.'C 1c.)V ILm I i IJC(I j'iLl!i

o 1'iu . 13e'.i tIj,( (A u l i, ri ( atioit Ipeoilullms -S X ttl d a flIly i1 IMI Vi LSU ill

d I I s L o (I thIu ar I I0r, lm 5 U a t te ip C' Iav I z 1,LVC Lt ith1 litt LI u b c e.bs .



TIhe sec )nd topic of investigation in the present work has been to

[ propose a new test mnetYhod for tensile strength which may be useful

-- in the evaluation of materials with regard to the tensile failure in

ceramnic armnor. All the currently used tests for tenbile s rength i n

brittle materials involve (or at least rnus ailow for) fracturoe initiation

at a stirface. As will be demonstrated latcr, the diainttra" comupres sion

of a properly loaded sphere will initiate a tensile failure within the

su.rface ofl he specMinIe.

Tetwo topics covered in this 'work may, at firist, appear to be

soli ewhat unrt-lated. Ulse of- the resonant spie re techniqule for thle

du Iurnim ltiofl of cla stic p moper tics p xuvid et a cspherical specimn

which can tOwn bev tested for tenbile strength. TIhese procedures may~1

be pa rticularly coi'venieni when only small specinmens are available

(i.e., spheres as small as 5 mnm :n diameter can be tested).

3



2. Literature Survey

2-1 Effect of Porosity o.a Elastic Moduli

'Vh: first attempt -o predict the effect of porusity on elastic ,:ror,-

ertic6 of mate±rials was due to Mackenzie who considered sphericaliporeG in a hozmogenLeous solid. The followi:-g relationships were

derived:

5(3K0 + 4G)
I - - = - P iAP Z-1

G (9K + 8G0)

3P 3

wherc C;G and K 0 are the shear and bulk riioduli, reslpectively, of thet

et'1id and 1- is the voluire traction porosity. A and B arQ coefficients

of higher poweirs of P not d'etermnined by Mackeiizie. The tL-rjilq con-

taining higher powers o,' 1- Ehould havc lit'tle effect at Fl< 1.

Cubic tizid JKiogery aLczupted to e-valuate the coefficient A in

E~quationi (2- 1) expciitncrtally. Shoa:- noduli data f(,r poroub alumnina

were fit to Lquattioii (Z-1)} aosurning P-oison'Li ratio eq'Lual to 0. 3 andI

K 0/G = Z. 16 and the boundary CUnditionbs G = C at 11 = 0 and G C 01

at 117 1 . ieir expcriniuntai data sl'cjwed good agrenientL for

A -0. 9. Large discrepancio.i were noted however onl data, for othet.

The theory given by Mae kezizic, prodiuct equations for G anid K.

In clr(Ier to cal':-ulate 17, Youn~g's zjjcdul~l:,, thU followinig rela tiuzi



should be uszd:

E 9KG 2-3
3K+C

For equations interrelating all six elastic mroduli see Appendix 1.

3
Using a cubic inclusion geometry, Paul derived a direct expres-

sion for Young's modulus. If the inclusions are taken as poroFity his

relIation reduces to

E I_____2/3 2-4

4 1
to that of the: sulid and is therrefore . uestiunablc.

Ha shin 4has dealt with the problem ot spherical pores and obtained

a closed expression for bulk modulus and upper and lower bounds for

shear modulus. The effective bulk iriodulus of the porous body is

givenl by

K - 3(1-u)P

K 2(l -2Z) + (14-V)P2.
0

where v is Poibsor's Ratio of the golid.

Teu pper 4 r~d lower ljoiirid 8 of thc sbva r moduh is of a porous

body %;-.th a rUi Lryry porc sliape Is givmn 1.),

I. -)( -Id 1, < L

(7 4 I -- .P (P)] Q' u

711
UA

.1A



where

2lPZ/3 2

Cp) p2/3

Ge-nerrily, the above theoretical relationships predict values which

arf. 10 to 207a higher than measured values. Buch and Goldschmidt5

have stated that it is impobsible to apply the theoretical formulas to

sintered bodies on the basis of the elastic rnoduli of the fuscd nmate-

1lal1. Theiir explanation for the divergence between thcoi-y and experi-

inent with increa sing porosity was based on the "'dim-inishcd elastic

prcapertites of grain ~onais'This interpretation .,,oUW. ncescsarily

imiply at grain size cffuct on the elastic properties of fully dense

polycrystalline materials. To dath no, investigation has deiroristri±Led

an effect of grain size (or mrore precisely the effuct of cai~ou)-i and

condition of kgrain boundtrics) on elastic properties.

Although the explanationi by Bucli aud Goldschii-idt waN giv n in

LIerencc to the cond ition (if the grain bounda r et; (apparently r,.ft-rring

t.o thc glrLinl !bouL1daly thickniess and degrec of c rystallographi z di sinde r)

a comipari.son of Young's modulus calculated fromn single crysi..l .ata

and measured values., on fully denise polycrystalline niatcriLl rihould

ndi ca te the validity of their ra s niig. I'hi s coinjarisoni has be (1))

lo);d by Wa chtnianl et a!1. (Ifor corundumn. TIurwork produ( c

calCUlated lowerf anld upjperI bounId- for Y ,ung'; )IOdIUlus of 5.., 6

ia 116 Z x 1 (.) SI, J-u 1)Cet ive ly . \4aurdvalues fo8r



VI

polycrystalline corundum commonly fall in the range of 57. 8 to

6
58. lxlO psi in very good agreement with the single crystal data.

In order to quantitatively surnmarize experimental data a

nlumber of empirical or semi-empirical relations have been pro-

posed. Thr%:e of the most commonly used equations are listed below:

-bP
M = M e -2-7

0

M . M (l-aP) 2-8

MI M [I A?
o I1+(A-I)P 2-9

wheru: M can be the shear modulus (6) or Young's Modulus E

M is the modulus at zero porosity0

P ?s volumne fraction porcity

b, a and A are emnpirically dctermined constants

it has become common praztice to statistically determine whiich

of the above gencral equationsv best tits any given set of experiincrital

da ta.

9
Equation (2-7) was proposed by Spriggs and has beCn ,hown to

fit data for Al 03 and MgO to porosity valueb greater than 251/. The

expofintiAl relation '..ould nut be e7i; pecf-d to bu adequ, tu for vlues

O l porosity grcat. rf" tJhanZI 4 ""'0. This is obviou.s froin the fact that the

CIua tiu I dUV.- ?ut lprCdi t z 'o inodul I valu.:j i)t 10 O/, porosity.

IhL liu;,"r form of Equation (!-8) has; been fotund to a deqImately

(I - ,.ri lt, tile dt-pencIctnc of clastic ne uduIi on prO:)sit' fOr 1 nun.b r
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suboxide will begin to oxidize to B0 3 at approximately 500 to 600 0 C

in air and will decompose at temperatures above 1000*C in an inert

atmosphere. It is easily prepared by reaction hot pressing of

appropriate amounts of B 0 and elemental boron as well as the
2 3

simple reaction of these components at 1400"C in an inert atrno-

sphere. B 60 has also recently been prepared by heating mixtures
16

of zinc oxide and boron. Preparation by either of the latter

methods, however, would be insignificant as a step toward producing

a dense body. Because this compound decomposes rapidly above

1500°C at atmospheric pressures, densifica'don by conventional j
sintering techniques would appear impossible.

The thermal expansion coefficient of boron suboxide v fa ound

to increase from 3 x 10 6/C near room temperature to 5. 7x 10 -6C

at 900°C. A room temperature electrical resistivity value of 106

ohm-cm indicated a relatively high thermal conductivity compareu

to most oxide ceramics.

2-2-1 Preparation )f Dense Boron Suboxide j
The coirpositions studied were prepared from appro-

priate mixtures of anhydrous boric acid and amorphouse boron

powdis.* The anhydrous boric acid powder had a particle size

ij* .S. Borax Research, U.S. Borax and Chemical Corporation,

Anaheim, California

9



range fromn approximately 0. 01 to 1 mn, while the amorphous boron

powder was fromn 0. 01 to 4. 0 1 ir. Figure 2-1 shows photomnicro-

graphs of both powders. Emnission spectrographic analyses revealed

an imp~urity level of less than 0. 1% for the boric acid and approxi-

maztely ]1% for the boron exclusive of boric oxide. The boron Powder

was kniown to contain approximnateiy 4% boric oxide, of course this

was not considered an impurity. A list of impurities is given in

fable 2-1.

Thz, hot pressing of specimnens in this study was accomnplished in

two steps. The first was a prepressing operation w,%hich consisted of

heating the dry mrixed -starting powders in a steel die to approximnatcly

5000 C at --- k:J for 5 mninutes. Under these conditions the anhydrious

boric acid was molten. A nichrome wire heating element and! bench

top press were used during the prepressing step. The steel die was

first lined with pyrolytic graphite sheet * and then 0. 005 in. tantalum,

sheet before inserting the powder mixture. The pyrolytic graphite

facilitaied ccasy removal of the specimen fi-rm the die While the tanta-

Ilum assured %smooth specimen surfaces. The purpose of the prcprces-

sirke ouceration was (1) to coasolidate the compact and imrpart, green

strcngtlh zAs wfell as (2) to disperse the anhydrous boric acid. Fxamri-

nation of frzactured surtacces of a prcjpresedc speciLmen reve-aledI

Ma XilrnuMI- bo(ric- acid aggloryie rate size oci approxina te Ly 100 pm.

VA

Gi CafoilUnion Carbide Corporation

10



Figire 2-1 a. PI'otornicropraih of anhvclrous boric acid.
11 0 7-%"

.4

Figm-o 2-1 1). Pliototnicrograph of ;irnorpl'ous boron powder.
(30, 00OX)



A

Table 2-1 List of .'-npurities for the Starting Materials
and a Typical 80 wt To Boron Composition
Hot Pressed at 1950'C. Determined by
Emission Spectrographic Analyses

ImpOrity Boron Anhydrous Boric Acid Boron Suboxide

ppm ppm ppm

Mg 5000 3 2000

A1 1000 100 900

Si 800 50 500

Mr. 300 -30 400

Fe 300 150 300

Ca 300 30 300

Cr 80 <30 60

Ni 80 '30 90

Cu 80 '10 60

Pb 30 -- 30 < 30

Ag 3 "3 <3

Mo, Zr, Sn < 30 30 30

N,, Ti '100 <100 '100

W, Cd '300 <300 <300

12



The second step was a more conventional hot pressing operation.

This wa3 accomplished in vacuum using inductively heated ATJ*

grade graphite dies with barrier layers of boron nitride and tantalum.

A schematic diagram of the furnace and die assembly is shown in

Figure 2-2, The boron nitride** was applied to the grooved cylin-

drical surfaces of the die and punches using a suspension in toluene.

(Dipping the punches in the suspension and a simple slip casting

method in the die gave very uniform layers of boron nitride. ) Initial

pressings without the tantalum barrier revealcd a ring of boron

carbide 3 to 5 mm thick on the' circumference of the specinien. The

use of tantalum prevented any significant formation of boron carbide,

and tantalum was not found to diffuse significantly into the billet.

X-Ray diffraction analysis of the tantalum barrier after a typical

pressing showed tantalum carbide as the main phase with smaller

amounts of TaB and Ta metal. As an added precaution, however,

the outer 3 mm of ea.ch specimen were always discarded before any

tests were performed.

A bil1c. size of 5 cm in diameter by 1. Z cm in thickness was

used so that adequate material was available for many different

analyses and tests. Pressings were made at 1900 to 20000 C for 15

Union Cartide Corporation

**Hligh Purity Fine Grade - Carborundum Co.

13
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to 30 minutes at 6 ksi. Densification was monitored by means of a

dial gauge mounted on the press rarn. Densification due tu sintering I

was not observed until the 1750 to 1800 C temperature range was

attained. Pressure was maintained "t 0. 5 ksi up to the sintering I

temnperature and then increased to 6 ksi. 7he heating rate from room

tempt.rature to I 100C was relatively high at approximately 80'C1'nin,

and then reduced to approximately 20°C/min up to 1500°C. Higher

heating rates from 1100 to 1500'C tended to produce cracked billets.

This is probaklv due to the fact that the B 0 phase begins to form at
6

appruximatcly 11 00*C and is not corn;Acte until about 1 500' C under

heat up conditions. These pressing parameters were found to work

equally well for compo:itions in the 80-100 ato-nic pcrcent boron range

and bulk dcnsitice greater than 99% of theoretical were obtained.

2-2-Z Microstructure and Microhardness

IPolish,'d sLpecitnens were prepared f:cr retallographic

cxamnination by incunting a Chi) of hot prw ina~d mtte rial in the'rmo

.ctting pla.itic and grinding and poli hih ; : with diamond. Diamtond

i-lprcgnatcd resin whcels from 1I 0 grit to 2000 grit and in Somne

ca ,e i 1, 0. 5 and 0. 1 pin diamond paste w.r. u ic-d for th( tiu- tac,

pr l,/1 atiulI. As will bc di.(.'iJbcd later, comp-osition-, with a boron

uit(ci,i 1,,;,q tLh:n 80 wl ",. \,,o ld .cs :rily co!tlin B .() 3  xv (i h is

readily b,,IUIblV inl I O I C) I caube 1 C) w;:s u.sed ;ib a uUolont during

2



grinding, pull outs were always experienced in specimens containing

B203 and representative surfaces nearly impossible to obtain. Repie-

sentati.e surfaces for compositions containing greater than 80 wt %

Loi'on on the other Land were relatively easy to obtain using diamond

preparation meda.

Figure 2-3 shov.'s a 78% boron composition. The lighter phase is

ooron suboxide and the dark phase is porosity and pullouts. The

measured bulk density of this specimncn was 2. 54 gm/cm 3 (2. 60
gmc3

gm/cm accepted as theoreticil for B 60). Since the density oi B2 03

is approximately 1. 8 gm/cm 3 and approximatcly 4".. of B 0 was

known to be present, the specimen was actually 98. 8% of theoretical

deniity. Figure 2-4 shows an 85% boron specimen. The light phaie

in this photomicrograph is boron and the dark phat;e is boron suboxide.

As can be seen very little porosity is prescnt, In comlpositions con- i

taining more than 5 to 10% free boron, the boron phasc is well distri-

buted, whereas an aggloinc rated thrc;mdlikc distribution wa-; often

obst r'ved in specim(-n. cuntaining smn-lI amounts of fr,,e borol,

ligh density boron suboxide was prep;tred with very little grain

growth from the starting hor oi powdcr. Figur(: 2-5 shows a 99%

(lens-, 80) boron com|pusitioli with ;in averagte grain iizL' of 1 iiIi.

]luoWv(c, by hot -rec :ing t . hightz tcempL rAVr' (! 2000°(-. ) bOr

tire}lc n th"iil 30 1iiuIteC., . c olMdlry gl'r;lll grOWt]

ob rrvcd;, i : :,hown in Figuire Z-6. This. c gg('r;htcd g ~ril g(jvtha

If)



Fiu e -. Ph tri crg a hc 8w o o p c m n

2.L~t Z P.lhotornic rograpli of an 785 wt % boon ci.menI Figure ~ (2 OOX)



riur 2- .I~l~illl rgaho )4

b o o Ij c ii n e h a i n u r c u e
-AdIr a e 0 o ,

ia_ 4

I* 11'lh !L t ilg s -o i a y g a
Figure ~ ~ O 2-. Eecrr -mirogr su oxd a QZ dn0 b V4



was probably affected by the relatively wic~e particle size distribution

of the starting boron, powder.

The m-icrohardness of boron suboxide was found to be slightly

higher than that of boron carbide when specimens of each material

were tested at the samne tim-e by the same operator using the same

22

for boron suboxide and 3015±130 kg/mmi for boron carbide. These

values represent average!s of 22 indentations for boron suboxide and

16 indcnrtatioLs for boron carbide. All measureinent. were mnade with

a 100 g load using a Wilso n Tukun Hardries.s Tester and a Knoop,

dianiond indenter.

2-2-3 Cry!ot~tl Structu':-- and Stoichiomextry

Boron suboxide reflection1 datil wer~e firit indexec! on an

orthorhornbic unit cell by Pasternak 17who also determ-ined the corn-

position to be B 66 Q~ by chemnical analysis and the measured density

to be Z. 64 gm/ cn 3. Based on these daia lie assigned a stoichiornetric

18
forinula. of B 7C. L-ater, La 'l1aca and P--ost showcd that the powder

patturn for thc baron ?jubuw:idu phaise could be riot-re 8atisfae-torily

indexed on the rhonibohedral cell of the boron carbide structure type.

P~ has been pointed out bjy Pu st 19that the atfbiguity in indexing the

pattecrn was the re soil of a spe ci l intenusity ratio which e-xists;I

nanl ( 0 0 1 )d( 1009)] 7. 'La Plc and Isti.ug~e stud aB130Z

stoichiornetry whicb agreed well with Pasterriak's B .1)0 compIIosition

19



but required a calculated density of 2. 80 gm/crn3 . Rizzo et al. 20

found the composition to be B 0 which was later supported by Post. .

6

A 33202 structural formula together with the hexagonal lattice

parameters of a = 5. 395 and c = 12. 342 as determined by Rizzo

et al, gave a calculated density of Z. 59 gm/cm3 . .

The proposed B1202 structure (R3m space group) is shown in

A
Figure Z-7. It is similar to the B 4C structure in that boron icosa-

21
hedra form the rhombohedral frame work of the unit cell. Berrn

carbide (B C) though has three carbon atoms along the c-axis; two
4

in the Z c position and one in the 1 b position. The 1 b position can,

however, be occupied by a boron atorn, thus giving a B 3 C2 struc-

tural furiiiula. Boron carbide is gcncrall accepted to exist over a

composition range from B 4C to B13 C 2 , though it has beer.

reported to exist from 79 to 96 Z4 atomic percent boron. Assuming

23
this rhombohedral symmetry, Hoard and Hugi s have noted that the

only dimensionally satisfactory structure that satisfies the Longuet-

a5
t-iggins and Roberts electron counting rule for a filled band con-

figuration is B 0 where no bond exists between oxygens. This

wouli rule out any itvuijO*,, •try range for boron tuiboxidc analogous

te Th', (-- C. rang in :(rgn carbide.

: , 
(jl.J . 1; U uC.1 L , :9 -A lysis hU aL yet been

onp c -' . , . . patterns aid

.,rf. tv/., it(d , )- i _n 'j i spacc grOuJ tor

kL_
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boron suboxide. A lattice parameter and pycncometric density study

was accomplished, however, in order to determine whether a

stoichiornetry range does exist for boron suboxide.

Precision lattice parameters were determined at room tempera-

ture on hot-pressed specimens with nurminal starting compositicris of

B 40, B 50, B 60, B 70 and B 80. Two different methods were used for

determining peak positions, namely (1) slow scan diffractometer

trac~es and (2) Debye-Scherrer film techniques using a camera with a

radius of 71. 62 min. Agreem~ent between the two methods was very

good. However, the filmn techni~iue yielded the more precise results,

and thcz-c results arc giveii. TI'it- iiLhud used for tile computation of

lattice parameters was the same- as that used in Reference 28. A~s is

shown in Table 2-2, the hexagonal lattice parameters for all five

specimens were within the range of a -=5. 385±0. 003 and c = 12. 325±

0. 005 A, thus indicating ne. significant change. Furthermore,

observable aniounts of B 0 were noted in the B C) andB0spcmn2 3 4 5 0pcmn

by X-ray diffraction, while free boron was found in the B 0 and B 0
7 8

specimens. The free boron in the P 0 spc-cinwn could not be detected

by X-ray diffraction but was observtod by irictallugraphic analysis.

Clicinical analyses * aret also shown in Table 2-2. Thc norninal

j6 7

SPerformed by L( doux and Comrpany, Teaneck, New Jersey.

22
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supports a B 6 0 stoichiomeLry (80. 2 wt o boron) for the suboxide phase.

Chemical analyses were perforrmied for both boron and oxygen, The

boron contents were determined by wet chemical techniques and are

considered more accurate. Oxygen analyses were obtained by inert

gas fusion. The totals for boron ani oxygen content were between 99. 0

and 100.4 w. %. These values were .-ot unreasonable since typical

impurity values totaled 0. 6 wt 'Jo.

Pycnometric densities were also determined on all but the B 80 8i
specimen. At least 5 grams of each conposition was ground to pass

a 325 mesh sieve in a boron carbide mortar and pestle, then boiled in

distilled H2 0 to dissolve any B 2 0 3 present. -Ater filtering and drying

the density was measured using a 25 crn pycni:meter with butyl alcohol.

in each case the pycnometer containiag powder and butyl alcohol was

heated to the boiling point of the alcchol for I hour then cooled and

evacuated for h hour. All weighing- were made at 2410. 3°C. This

method was found to give the roost precise results.

All density values were withirn the range 2. 600±0. 007 gm/cm 3

as is hihown in Table 2-Z. This a 'erage value agrees well with a

calcuLated value of /, 602 gm/cm obtained by assuming a B 6 0

stoichionietry and the average lattice constants found in this study.

Further, aessurning the averagc :atticc parameters found here, the

B 0 and B 0 stoichiometrics would require densities of 2. 67 and
4 13 2

3
2. 78 gm/cm , respectively. Thus all of the above data support the

24



B 0 structural formula in agreement with the Longuet-Higgins and -
2

Roberts theory.

Polished specimens of the nominal compositions mentioned

29
previously were studied by Baun and Solonon using a Perkin-Elmer

(Hitachi) XNMA-5 electron microbeam probe. Typical oxygen K spectra

for boron suboxide and BZ0 3 are given in Figure 2-8. It is seen that

B 0 showed two maxima separated by approximately 3 eV, while
6

1Z3 3 had a major peak with :much weaker component at the low

energy side.

The existence of the two peaks indicates the formation of split

molecular orbitals. Although a complete molecular orbital treatment

was not performed for B6 the two transitions could be explained by

the crossover theory. On this basis, transitions from the boron 2p

to the oxygen I s level as well as the oxygen 2p to 1 s are allowed.

Using published values for these energy levels, the two bonds should

be 2. 5 to 3 eV apart as was observed.

Baun and Solonon, in comparing the spectra fron the nominal

comnpositions, have noted changes in the relative intensities of the

two peaks. They have explained these changes on the basiJ of con-

pusitional changes due to different combination of boron and/or

oxyg(en occupying 'he interstitial 2 c or 1 b sites in the ri,oxnbohedral

structure of Figure 2-7. Experimental cvidence as well as theoretical

coniiduratioris disagree with this explanation. Alternatively, since

25
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some of the specimens studied were known to contain a second phase

of B2 03 the observed changes could be due to the super position of

the two spectra shown in Figure 2-8. This explanation is further

substantiated by the fact that changes in observed spectra were noted

from different areas in the same specimen. Any small amount of

B 2 0 3 present would necessarily be located at the B 6 0 grain boundaries.

Specimens, in which secondary grain growth had occurred, gave

spectra indicating a higher boron content when only single large

grains were analyzed and lower boron content when many small grains

were analyzed together.

The infrared reflection spectrum for the B 6 0 phase has been

30
determined by Phillipi. The main reflection band at 1060 wave

numbers is shown in Figure 2-9. Other weaker bands were observed

at 880, 780, 710, and 420 wave numbers. Similar reflection spectra

were observed for the nominal compositions of B 0 , B 0 , B,O and
4' 5 0

B.0O. However, no significant changes in the spectra that could bei

rel .ted to changes in stoichiornetry were evident.

2-2-4 Staoility and Mass Spectiometric Studies

The stability of boron suboxide was investigated as a

function of temperatuie in a flowing helium atmosphere. A 97%

dense hot pressed pellet was repeatedly heated to temperature, held

for two hours, cooled and weighed. Results are presented in

Figure 2-10. After the final heating cycle the specimen had an

Z7
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extremely porous appearance and could be crushed easily. X-Ray

diffraction analysis of the decomposed material revealed rhornbohedral

boron and a small amount of boron suboxide. This would explain the

decrease in rate of weight loss at the higher temperatures, since most

of the boron suboxide had already been decomposed. This work i3 in

20
reasonable agreement with that of Rizzo et al. who determined

weight loss in helium for the 1300-1750'C temperature range.

The vapori4dtiow characteristics of boron suboxide were invcsti-

a 31
gated by Carbonara and Alexander to determine the vapor species

azic- tht- thermodynamic quantitics involved. An analyzed 79. 7%

boron composition was contained in a BcO lined niobiunm Knudsen cell.

A Nuclide HT-90-12 nmass spectrometer was used to idcentiiy the

vaporizinp spccics to temperatures as high as 2000*C. 'lhl- pre-

dominate vapor components were BO and B 2 0 . SinialI amuunts of

3, B 03 0 z and 13 20 3 were. also found. This informratiun was used

to confirii thLrnial graviteiric anailysis miadc in ain Ainsworth

microbalan.c and the UcO lined niubium Knudsen cell.

'he TGA data were c onvert,:d to equilibriuni total preisure and

All tnd YS VCwerc caleulatrd for the reaction;
V V

21360(s) ? zO (g) I I013(t)

zJI 90. 9 ktral/iIIl
V

40. 2 c1
V

31)



X-Ray diffraction analysis on the condensed phases afte testing gave

both boron suboxide and rhombohedral boron. No reaction with Be()

wvas detected.

The above values for AH-I and AS vcompare well with V

94±8 kcal/mol and AS =41. 4 eu found by .nghramn et Cu fr the
V

vaporization oj, mixturcs of boron and boric oxide. Their worx was

done in the temperature range 1030 to 1Z30*C on molar ratio -of]

coron to boric oxilde greater t1han one. Since Inghrarn at. rc.,ortcd

no analysis on their condens5ed phases an attempt w~ T~2to re-;Iro-

duce themn. A 2:1 molar rittio o;f boron to boric oxide war,; nuixud and

placed in it covered alumnina crucible (lnghrami et al. used an alum-ina

Knudsen cell). The crucible was then hcatt:d to 1230*C in %icuuiri for

7 hours. The condensed phases under these conditioziF were found to

be B 03 and B,6 0 with only a eiall indication for bcoros, It is

--uggested that lnghrain (-t al. a-ctual]'.' observed the vaporiz: -tionk of

B 6 0 and 13z0 3. Thji6 would explain the similaritie s in thte re suitc of

the twof- Iniass specctroiiie tni c StUdiCeS.

2-3 DianietricA Coniprcssion of a Sphere

Althouugh the itre s s list ributiun in a diametrically loadd sheid

L is not available in any of the smida rd t( xt s on elasticity the, problemii

hsbeen analyze-d by Shook. 31HiS SOtUti'-Al, Ipre. ,enfd Mn

Appendix 13, coniide-rs the effect of load distibution and P)oi s son' s

ratio.]
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: rcU a . 0Ar have also considered the problem in

iega -d to th- taiii-rizal compretsion of irregularly shaped rock

specimens. Lhe; provided a mathematical analysis of the problem

for spherical ,,ecii-ens giving the following approximate equation

for naximurn tL.,,ii.e stress:

a = 0.9 P/d 2  2-10

where: P is applied load and d is the sphere diameter.

Their equation is proposed to be applicable for the following

conditions:

loaded diameter/sphere diameter < 0. 083

Poisson's Ratio in the range 0. 14 to 0. 33

A comparison of their analysis with that of Shook (see Figure B-2)

shows excellent agreement for loaded diameter/sphere diameter

equal to 0.083 and Poisson's ratio of 0.30. Shook's analysis, however,

predicts a value of 1. 5 for the constant in equation (2-10) at Poisson's

ratio of 0. 15. At a loaded diameter to sphere diameter ratio of 0.04,

for example, Shook gives values from 1. 9 to 4.7 depending on Poisson's

ratio.

Hiramatsu and Oka also performed photoelastic studier on

spherical and irregular geometries to demonstrate the presence of

tensle stresses along the loaded axis of the specimens. The observed
43

stress distributions closely resembled the well documented stress

distribution in a diametricall loaded cylinder.
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3. Mode of In .9, tigation -
Before attempting to apply Q.,! analysis Dro.,'~e )y Shoo'--, it .,as

decidled to substantiate experim~cntally th--t fractur~,r. ti would

occur in the region of maximum ternsie stress. This was aL -c -zInished

by phtotographing the failure of glass spheres. High speed rno':ng

ft!;,- turh11 Iqu#E~ were ermployed a, first. Because this n-ethod proved

iinsucco'sful, single p)hotographs were taken using a carnera with an

open shutter in a darkened( room. The interruption of a beam of light

by the initiation Of fractuIre in the glass sp~here p)rovided a signal to

a flash lylit source. Tihis technique was found to be sa.i sfactury.

As suimortine evidence that fracture wits not initiated a, a p-int

on the burfa cc, the tensikL strengti~s of glass spheres w i .i varying

degrees of surface fil'ii-h Wer-. deterusIined(. Observed strenxgth values

carn uSUally' U# rulated to the size of diefects at the poi.-, of fracture in

Irittle mnaterials. 1If fracture &as initiated at the surface ( this is

thought to be the cast- in al) other inc t!Lud! of testing tensib-e s trengthi

of 12 i ttlf! Ina~t(-r ia] s), the.) the~ C Xj fed tit enrg th values would 1, L

luw.- r for peiluswith rough surfaces than lor specinerrs wit..

poli sh(:d surfaces.

In u rd. r to obtain dist r~bit ed loads rather thijn near poinst loading,

IrIIctil plAt'-s we re wiced ;I., 1p;idding Tia~i~s.'he hardne-ss and

thickniess of the tile Li I pads had to be inatehied to each h,'J12cimuin bize

3 3



arz" c-sti.-natcd strength in o- ier to obtain .he desired 1---d distribution.

Tha- permanently dulomi-ed provided :, recoriI of ttw-. lobled arca

of the sphere.

The plan of investigition alzo included~ the determnination of th-

c-ffect ol porosity or, the elastic moduli of polycrystalline boron

!'Liboxidk These measurements were accnrmplished using the resonant

sphev, tec:hnique. Since the elastic properties determnination required

bpherical speciinens, the buron suboxide spheres were also tested for

tensile strength.

AJ4
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A
4. Materials and Equipment

Descriptions of the materials used in this investigation are listed

below:
A

1) Spherical specimens of boron suboxide were prepared from hot

pressed billets. A detailed discussion of the preparation and known

properties of these materials is given in Section 2-2.

2) Boron carbide spheres were prepared from high purity hot pressed

B 4 C obtained from Norton Co., Cambridge, Massachusetts. It Dad an

average grain size of 5p.n and I00 gm Knoop microhardness value of

3015i130 kg/hnrni.

3) 'l'he diamond abrasives used in the preparation of B 60 and B4 C

sphcres were 45, . and I pm diamond paste- obtained from Buehler

Ltd. , Evanston, Illinois.

4) Polished 3/6 inch borosilicate glass spheres, designated Boro-

8330, producticci lot A)001, were obtained fro-n the Hartford-Universal

Co., -artford, Connecticut. Measured elastic moduli by the resonant

F pherc technique were E = 9. 0x 10 psi, v = 0. 195. The bulk density

of the glass was Z. Z23 gm/crn 3 and the index of refraction wab I. 56.

35



The following is a list of equipment used in this investigation:

1) Appendix A includes a description of the equipment required by

the resonant sphere technique for elastic pioperties determination.

2) Items of equipment uEed to obtain photographs of diametrically

compressed glass spheres were:

a) Fastax-16 mm high speed camera manufactured by Revere-

Wollensak Division of the Minnesota Mining Corporation,

Rochester, New York

b) Crown Graphic Graftex camera with a 135 mrn lens set at

f /4. 7

c) Photonuitiplier -931 A thyratron tube

d) Beckman and Whitley spark gap light source, Model No. 5401,

with a 0. 3 Is sec electrical delay and a flash duration of 150 nano

seconds.

e) Ednmund Scientific Co. helium-neon laser with a 1 irn beam

dia.ie te r

f) Dul.ont High Speed Pan film

g) Carver Laboratory Press, Model B

h) Loading pads wvere 7075 T6 aluminum

L 3) A Baldwin-Emcry SR-4 Model FGT, testing machine was used

for tensile strength ineasurenients of spheres.

36
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5. Experimental Procedure

5-1 Determination of the Elastic Properties of Boron Suboxide

The elastic constants of polycrystalline boron suboxide prepared

fo r this study were determined by the resonant sphere technique.

This method was first developed by Fraser and LeCraw 36and A-a s

further evaluated by Schreiber, Anderson and Soga. 37The actual

equipment used for this study was designed by Schreiber et al. under

Air Force contract. Thie reason for its u.-e was that a spherical

specimnen size of only a few milliimeters in diarne~er was needed as

well as tht; unixvwdiate availability of the e-quipment.

By dt~terinining 'thc re-i-SIt freqAUencieS of ;I sphere both the

shear velocity of sound and Poisson's Ratio can be determined, This

allows the calculation of all the elastic constants of the specimen.

The accuracy of this technique is limited only by how accurately the

,3phure is fabricated. (The sphieres prepared for this study wereI

typically within 0. 1% of sphericity).

The material requirements for this method are that the specimens

be homogeneous and elastically isotropic. This implies the prc.scnce

Of no laIrge Lracks and maxin-um grain sizes << the speciiien size.

Lxpcriicntzally, it has bee~n th( author's experiencev that 25%7 porosity

Is a m-aximum for Obtaining reliable data. Porosity valuc;s greater

than 15"/ effecti N ly reduce the acoustic quality of the specimnen such

that resc'naut frequencies can no longcr be idm~tifivd.
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APpendix A contains a summary of the theory fcr the resonant

sphere technique and a description of the equipment operation.

5-1-1 Specimen Preparation and Calculations

Two methods of sphere preparation were suggested by

37
Schreiber et al. The first was a pneumatic sphere grinder which

randomly abrades a cube into a spheie by forcing it to roll around

inside a crucible lined with either a ceramic or diamond impregnated

brass. The second inethod was tile contiarotating lapping pipes used

by jewelers. Although the second method requires constant attention,

it was chosen because it is capable of producing specimens with

better sphericity and surface finish. The pneumatic sphere grinder

also has the disadvantage of requiring an accurately machined cube

in order to obtain a sphere with satisfactory sphericity.

The sphere grinder used in this study is pictured in Figure 5-1.

The "pipes or cups" containing the specimen rotate- in opposite

directions, while the wood dowel rod perpcndicular to tie direction

of the pipes allows the app]ication of side friction. Below the

specimen is a dish containing a slurry of abrasive powder and a

dispersing fluid. The position of one of the pipes can be adjusted

with a thumbscrew. This facilitates specimens of varying size as

well as the application of pressure during grinding. The combination

of variable pressure on thc specimen froixi three directions along with

the opposite rotation of the pipes assures random rotation of the

38



Figure 5-1. Contrarota-ting pipe apparatus used in the
preparation of boron suboxide spheres.
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specimen, when given close attention. The random abrasion of the -]

I
specimen produced a sphere.

The high hardness of B 6 0 required the use of dianond abrasives

in the preparation of spherical specimens. Irregularly shaped pieces

of B 0 were first ground by hand, using a coarse diamond wheel, to
6

a more regular polyhedron. The specimens were then ground for

approximately 15 minutes using the sphere grinder just described and

80 grit silicon carbide. The coarse silicon carbide was significantly

reduced in ze after this grinding and ;.ccomplished little more than

to reniove sharp edges and to point out the extrenitics of .he

specimen. The extremities were then ground by hand and the silicon

carbide grinding repeated. When the specirmen appeared to be

generally roanded it was ground with 45 kt n diamond paste until no

flat areas were present. The spheres were then polished using 8 and

I trrn diamrond paste.

This procedure took at least 6 hours for each B 6 C sphere, although

spheres of softer materials such as alumina have been produced in as

little as 1 hour. Maximum aspherisities of 0. 1% were easily obtained

for spheres in the size of 0. Z to 0. A inches. This tolerance though

became incrca.ingly difficult to maintain for spheres much smaller

than 0. ' inches.

Once a specimen was prepared with sufficient spherical symmetry,

the ta.k reinained to obtain the acoustical spectrum and to identify each

I0



frequency with a particular mode of vibration. Typically all the

vibrational modes between IT and 1 T were observed (sze Figure A-2
2 5

in Appendix A).

Nondimensional frequencies (FND) were calcutla'ed for each

observed frequency using the equation

fi

F 2. 5Il I fn 5-IND fn

where fi is one observed frequency and fn is the observed frequency

for the IT mode. The edge of a sheet of translucent paper was then2 C

superpositioned along the ordinate of an enlarged version of Figure

A-2. The calculated nondirnensional frequency values were then

marked on the edge of the translucent sheet. Sliding the s.eet along

the abscissa until the marks on the sheet matched the position of the

curves provided a graphical determination of Poisson's ratio. The

estimated accuracy of this method is ±0. 003 for Poisson's ratio.

The shear velocity of sound was then calculated for each observed

torsional mode using the equation

V rdfi/(ka) 5-2
s

where: d -- sphere diameter

fi = measured frequency

(ka) theoretical value of the nondinensionl

frequenc taken from Table A-1.
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The shear, Young's and bulk moduli were then calculated

respectively from the following formulas:

2
G = pV 5-3S

E = ZG(l+v) 5-4

K EG 5-5

9G-3E

where p is the geometrical bulk density of the spherical specimen.

Volume frac tion of porosity was calculated from

P = I- -P- 5-6
P. 60Z.

A typica. data sheet for one specimen is shown as Table 5-1.

5-2 Photographic Studies of Diametrically Compresscd Glass Spheres

A high speed movie caynera was used in the first attempt to

photograph the fracture of dianetrally loaded glass spheres. A

maximum frame speed of 32, 000 frames per second was used.

Lighting was from directly be-Aind the sphere as well as from the

sides. The experiments were conducted at ambient atmospheric

conditions in the laboratory. Aluminum plates of 1/8 inch thickness

were used as contact plates to give a loaded diameter to sphere

diameter ratio of 0. 30. Because the exposure time for a 200 feet

reel of film at 32, 000 frames/sec was less than one second, the

nanual starting of the camnera drive had to be coordinated closely

with the loading rate of the testing machine. This coordination was

42
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Table 5-1 Typical Elastic Properties Data Sheet for B60 
6

Diameter = 0.5793 Mass = 0.2541
Density (p) = Z. 496 Porosity = 0. 041

Resonant Nondimensional Vibrational Vs Vs
Freq (MHz) Freq Mode (ka) Km/sec Km/sec

1. 1194 2. 5011 IT2 2. 5011 8. 14S3

1. 1817 2.6103 ISZ

1.4392 3.2156 zS1

1. 6571 3. 7025 ISO

1.7292 3.8636 IT3 3. 8647 8. 1430

1.7361 3. 8791 1S3 8. 1456

2. 0540 4. 5893 ;'52

2. 2105 4.9391 1S4

2. 2810 5.0965 1T4 5. 0946 8. 1483

2. 5791 5. 7625 2TI .7635 8. 1439

2.6579 5.9387 1S5

2. 7493 6. 1430 2S3

Z. 8051 6,2676 1,T5 6.2658 8. 1475

26
Vb irdf/(ka) G - pVi 1656 KLAR : Z4. Ox 10 psi
v - 0. 153 E = 2G(l+v) 3819 KBAR = 55.4x 106 psi

B EG

9B 3 E - 1635 KBAR =- 2 6.6x 106 psi
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accomplished by slowly loading the sphere to approximately 90% of

its expected failure load then rapidly increasing the platen speed

and simultaneously starting the camera drive. The success rate
A

-- for fracturing the spe-imen during the film exposure was about 75%.

This method of high speed photography proved to be unsuccessful

in providing any evidence for the location of fracture initiation. Not

only was the maximum frame tir -' - too slow but the glass sphere

in a su.-rounding medium of air acted as a lens with a very short

focal length. The light transmitted through the sphere and ente.'ing

the camera 3 feet away was therefore sharply divergent. The probleir,

of divergent light was dealt with in the next experiment,

In order to get t picture oi ther location of fracture initiation, a

technique was devised to allow the fracture itself to trigger a light

source and expose the photograph. The problem of having the glass

sphere act as a lens was avoided by containing glycerol around the

sphere in a clear plastic cull. Glycerol was used '"ecause its index

of refraction (n = 1. 57) was very close to that of the borosilicate

';lass spheres. Thus light was permitted to travi l through the sphere

without being refracted or s,;,tterec. du. to anY urfa:c irregularities.

A s( heiiiati. diag iam of thi s method is showl] in Figuire 5-Z.

Because the bcarii from a la. er light suzurc was approxiniately 1 1nu

in dia eter, the beaml was directed through the sphLucre twice, once

slightLy above and on'. e slightly b,,low the cenit c: of the sphere.

• t '1
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Any interruption of the beam- caused by f-7acturc of the specimen wouldi

lower the intensity of light Pntering the pho,(_inultiplier. The photo-

multiplier then gave an elec tricai; 0- _-h ;l-ih triggered a voltage

pulse generator which in turn trigg-reci :;park gap light source.

Monitoring the signal out of thet photornultiplier and out of the pulse

generator on a dual trace oscillo(QXpe showed a delay of approximately

4 to 2. 5 i sec, This dcehy was due_ primiarily to thc rise timce of the

photornultiplier signal. Estimating a maxaium- 0. ~isec delay in the

light source, the pictures obtained by this method were taken 2. 5 to

3p ;i ,cc after the beam was interrupt, d. 'The exposure timec of the lightI

s ou r (e wa s 0. 15j. s C-c.

A. llebtf experiments were donfe in a dIarke~ned roomn using a carncra

wit:: an open shutter, A filter was placetji in front of the camera to

filter the wavelengths of the lasvr light. Load was applied to the

glass 3pheres using a bench top hydraulic press and 0. 25 inch thick

aluminum plates wvere uqed as pads.

The diamectral comprebuion strength of glass spheres with threi-

different siurface textures we-re rneasured using a Baidwin-EmzeryI

testing mnachine. The three surface textur''-1 W .rv; (1) the a s-received

pcjlislmed cundition, (?-) ground with 400 g~rit boron carbide abrasive

and (3) ground with b() grit ,;ilicon carbjide' abrasbive. 'The p)addirig

miate vial wats annealed 1 020 hteel. The cros shecad speed of the testing

niaJ(Ibi nc. wab 0. 004 in! miii. The opie re diameturli were de-Lc rrniriedl
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by taking the average of ten measurements with a micrometer. The

values for the loaded diameters were obtained by measuring the

diameter of the indentation in the steel pads. The traveling stage

microscope on a Tukon microhardness tester was used for these

measurements. Magnification was 100 X.

Tensile strength values were calculated using the equation

KP 57=-75-
D
z

where; P = measured load at failure

D = sphere diameter

* was taken fromn Figure B-2

Poi. '.'n's ratio of the glass spheres was found to be 0. 2 by the

res Ai.ant sphere technique,

The procedure used to measure diametrical compression strengths

of boron suboxide and boron carbide was the sarne as that used for the

glass spheres except that hardened 100Z and 4340 steel were used as

pad materials. The 4340 steel was the hardest pad material used. It

was used only for the boron carbide and high density boron suboxide

specimens,
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6. Results and Discussion

6-1 Elastic Properties of Polycrystalline Boron Suboxide

The effect of porosity on the room temperature elastic moduli

V
of polycrystalline B 60 was investigated in the range of 0 to 16%

porosity. Table 6-1 lists the calculated moduli and porosity data

for 24 specimens of near stoichiometric B 6 0. The data are segre-

gated, however, into oxygen-rich (i.e., B 0 second phase) and
2 3

boron-rich groups. The concentration of second phase was always T

less than one volume percent as dcternined by chemical and/or

nie.allographic and X-ray diffraction analyses. The elastic moduli

of both groups exhibited the same dependence on porosity as can be
I

seen in Figure 6-1.

The semi-log plots of Young's modulus and shear modulus indi-

cate which of the empirical relations, discussed in Section 2-1, would

best fit these data. The linear dependence of elastic modulus on

porosity expressed by Equatioz (2- 8 ) produces a curve with an

increasingly negative slope when InM is plotted against porosity. The

data plotted in FigurL 6-1 indicate a decreasingly negative slope. An

attenipt to fit the exponential Equation (2- 7 ) would compromise the

curvature of the data and predict a lower than observed zro porosity

value. llasselhnan's equation (- 9 ) predicts the obbervvd curvature.

A least squareb analysis of the data fit to Ilasselman's equation
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Table 6-1 Summary of the Elastic Moduli-Porosity

Data for Near Stoichiometric B60

Vol. fraction Young's Shear Bulk Poisson's Phases
porosity Mod (E) Mod (G) Mod (K) Ratio (v) Present

x10 6psi x1U 6psi x106 psi

0.081 46.7 20.2 22.9 0. 156
0.041 55.4 24.0 26.6 0. 154
0.031 56.4 24.4 27.4 0. 156

0.029 57. 24.8 27.4 0. 153
0.028 D8.0 25.2 27.7 0. 153
0,028 59.9 26.0 28.9 0. 154
0, 0Z8 57.7 25.0 28.0 0. 156
0.025 57.2 24.7 2y.6 0. 157 B 0 1

0.023 59.8 25.8 29.0 0. 157 1 '%B2 0 30.020 59.5 25.7 Z9.0 0. 157
0.018 61.5 26.6 29. & O. 156
0.018 61. 8 26.7 30.1 0. 157
0.017 61.1 26.4 30.2 0. 155
0. 015 63.4 27. 5 30.4 0. 154
0.013 6Z.0 26.8 30. 1 0. 156
0. 003 67.8 29.5 32. 4 0. 153

0.001 68. 8 29.9 32. 8 0. 153
0. 165 37. 7 .16.3 18. 1 0. 153
0. 134 37. 8 16.4 18. 0 0. 153
0. 108 43. 5 18.8 21. 3 0. 157 B 60+
0. 064 49. 5 21.3 24. 1 0. 157 l <%Boron
0.007 65.9 28.5 31.9 0. 156
0. 004 68.6 29.8 3Z. 5 Q. 153
0. 000 69, 1 29.9 33. 3 0. 154
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6
gives E = 68. 5±0.5+10 psi and A = 5. 1±0. 1.

Since Poisson's ratio was found to remain constant (within esti- -

mated experimental error) over the porosity range studied, the

dependence of the shear modulus on porosity must be identical to

that found for Young's modulus. Young's and shear moduli are related -

by the equation:

E = 2G(1+V) 6-1

If v decreases with increasing porosity the effect of porosity on E will

be greater than on G and vice versa.

The average value of Poisson's ratio was 0. 155, arid Hasselman's

equation with A = 5. 1 gives a zero poros.ty value of ?9.7x 10 ° psi for

the shear modulus. ]
Since no other data for B6 0 were found in the literature, a com-

parison was made with data for B 4C. This waF reasonable since both

materials are high boron compounds with nearly the same theoretical

density ( po (B 60) = 2. 60, po0(B 4C) 2 . 52 gmr/cmi 3 ) and probably the

11.
same crystal structure. Liebling investigated the effect of porosity

on Young's modulus of B 4 C from 0 to 8% porosity. He measured

Young's modulus for 29 hot pressed specimens by the resonant bar A

technique. The specimens were reported to have a uniforn pore

distribution and an average grain size of 7.4 uJn?. Liebling fitted his

data to the linear relation (Equation (2- 8 )) and the exponential

relation (Equation (Z- 7 )) as well as a quadratic form. All three
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relations were reported to fit the data equally well. The zero porosity

values obtained from the three curve fits were averaged to give a

value of 68. 15x106 psi. Liebling's exponential curve is shown in

Figure 6-1, and shows excellent agreement with the B 0 data between
6

0 and 6% porosity.

6-2 Verification of Tensile Fracture in Diametrically Compressed

Brittle Spheres

Although the high 6peed moving film technique provided no infor-

mation concerning the location of fracture initiation in the glass spheres,

it did illustrate the explosive nature of a diametrically compressed

sphere. Figure 6-2 shows two consecutive frames taken at 16, 000

frames/sec. The first frame was taken sometime before fracture.

Each frame had an exposure time of -- 6 L sec and 60 p. sec was the

time between fraremes. In less than 60p sec the sphere was essentially

pulverized. The finer powder (as fine as -325 mesh) remained in a

small pile while the larger fragments (usually from the surface of

the sphere) were found as far as 30 ft from the test position when the

experiment was not shielded. Four atteniptt at 32, 000 frames per

second showE d the same results.

The method of taking single photographs in a darkened room gave

much more informative pictures. Figure 6-3 shows four glass

spheres being diametrically compressed under a distribuied load. The

52



Figure 6-Z, High speed movic-s oia diiametrically compressed

glass sphei'e. Two consecutive frames taken at

16, 000 frame~s per second.
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photograph in Figure 6-3a was taken before fracture by externally

interrupting the laser beam. The dark spots on the sphere were air

bubbles in the glycerol. Figures 6-3b, c and d are pnotographs

taken by loading the spheres to failure. It is logical to assume the

darkened areas were caused by reflection and scattering of light due

to interfaces created in the sphere. The darkened areas, therefore,

indicate the general location of fracture initiation, i. e. , along the

loaded diameter near the center of the sphere. This was also the

region of maximum tensile stress.

The streak of light which is most pro-ninent in Figure 6-3 b was

observed upon fracture of all the borosilicate glass spheres. This

emission of light during a tensile failure in borosilicate glass was

38
also observed by Outwater , who described this phenomenon as

triboluminescence. Outwater found tribolumnnescence to occur when

a tensile failure initiated beneath the surface in compressively loaded

necked specimens. The fragments of specimens fractured under

these conditions were described by Outwater as a "coherent, white

mass of glass.'" The interior of diametrically compressed glass

spheres, tested in air, was also reduced to a fine, white powder.

Although the photographs shown in Figure 6-3 and the similarities

found with Outwater's work certaily indicate the location for fracture

initiation, the measurement of tensile strength on glass spheres with

different surface conditio,,o demonstrated that fracture was not
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initiated on the surface. The results of these strength tests are

shown in Table 6-2.

The average values of tensile strength for the polished and 400

grit surfaces showed good agreement at 7. 41 and 7. 50 ksi, respectively.

The slightly higher average value of strength, 7. 80 ksi, fourd for the

80 grit surface indicates the independence of this test rnctL d on

surface conditions; thus fracture was not initiated at a surface.

The 5°r0 deviation in measured strength values is not unreasonable

for materials such as glass. The average value for all 16 specimens

was 7. 57 ksi and all the data were within a total range of 1265 of the

average. This relatively small deviation was probably due to increased

frictional forces at the contact area caused by the extremely rough

sphere surface. A tendency to direct the loading toward the ceniter of

the sphere, rather than the assumed uniaxial compression, occurs

when friction at the contact area is high.

The use of a metal izd to distribute the load always tends to

distort the assumed stress distribution slightly; however, high

frictional forces and loaded diameter to sphere diameter ratios

greater than 0. 36 probably introduce significant errors. Although

no successfl attempt was made to determine the magnitude of these

errors, the effect i5- to predict tensile strengths which are too high.

One way to deal with this problem might be to grind two parallel and

equal areas oL the sphere and use harder metal pards, but this may

rcate stress concentrations due to inisalignment.
50



Table 6-2 Summary of Tensile Strength Data on

Diametrically Compressed Glass

Spheres with Different Surface Texturea

Sphere Dia. Load (P) Loaded Dia. K Strength (or) Ave.Strength
(in.) (b.) Sphere Dia. (ksi) (-)

(ksi)

Polished Surface I

0. 375 1790 0. 273 0.60 7.67
0.375 1750 0. 266 0.61 7. 57
0.375 1670 0. 263 0.6z 7. 35 7.41
0. 375 1650 0. 264 0.62 7.20
0. 375 1670 0. 266 0. U1 7. 23
0.375 1760 0. 274 0.6V0 -. 49

400 Grit Surface

0.375 1770 0. 280 0. b9 7. "
0.373 1780 0.275 0.60 7. 50
0. 374 1700 0. 27Z 0. 60
0.375 1770 0. 276 0.60 7. 5

80 Grit Surface

o. 375 1700 0. 263 0.62 7. 50

0. 375 1870 0. 275 0,60 7. 98
0.375 1760 0.275 0.60 7. 51 7. 8C
0. 374 1730 0. 259 0.62 7. 73
0, 375 1960 0. 288 0. 58 8.08
0,375 1900 0,281 0.59 7.97
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6-3 Tensile Strength of Boron Suboxide by Diametrical Ccmpression

-Aof Spheres_

Tensile strength measurements were also made on the boron sub-

oxide spheres a,.er the elastic properties evaluation. Since the spheres

were of varying porosities, an evaluation of the effect of porosity on

the tensile strength was obtained. Table 6-3 shows the results of the

strength measurements. Two spheres of boron carbide were also

tested and the results shown in Table 6-3.

As discussed in the previous section. the effect of increasing Ihe

loaded diamei',r to sphere diameter ratio would te to distort the

assumed stress distribution and to obtain higher than expected strength

values. Although the maximum acceptable value of 0. 30 for thiI ratio

was somewhat arbitrarily chosen, it was obse:rved that ratios of 0. 4

to 0. 5 gave strength values as high as 55 ksi for low porosity (P,4 0. 04)

boron suboxide specimens. This presefnted somewhat of an experi-

mental problem in that som(- estimate of the strcngth had to be made

in order to choose the proper pad material. A number of spheres were

essentially wasted in order to arrive at the conclusion that hardened

4340 steel (Rockwell C hardness = 57) should be usied for higher

streigt h spe cii nent- and hiard.ciicd 10ZO ste.¢:l (Roc hwell C Lardn, , -

30) shkould b. us,:d lo r ht. lot.e r slrciigtt S -iccillln.. In a lew C s:,,

hvw ev-r, when the strengths of the ,pei ilenls we rC Overefitinia ted,

ladcd diai,et.r to sphcr. dia'i(t('r 1atiu., leas than 0. 18 and ve.ry
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Table 6-3 Summary of Tensile Strength Data on

Diametrically Compressed B 60 and B 4C Spheres

Loaded Dia
Sphere Dia Load (P) K Strength(o) Porosity

(in.) (Ib) Sphere Dia {ksi)

Boron Suboxide

0.397 11,000 0.313 0.605 42.2 0.0
0.314 5, 080 0.245 0.79 35.6 0.0
0. 159 1,650 0.324 0.59 36.4 0.021
0.240 3,670 0. 359 0.56 36. 7 0. 028
0.293 5, 930 0. 325 0. 59 40. 7 0. 028
0.260 4, 140 0. 304 0.62 38.0 0. 019
0. '332 5,420 0. 22 0.65 32. 0 0. 064
0.305 3,300 0.313 0.605 21.5 0.135
0.352 3,820 0. 305 0. 620 19. 1 0. 164

Boron Carbide

0.267 5,610 0.357 0. 56 43.3 0.004
0.257 5,690 0.316 0.60 51.7 0,004
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low calculated strengths were obtained. These low values were always

associated with a surface related failure, i. e. , fragments appeared

.o spall off the surface just outside the area of contact. The explosive

type of failure, described earlier for gl.-iss spheres, was always

observed for loaded diameter to sphere diameter ratios greater than

0. 18. The above discussion indicates that, for specimens with Poisson's

ratio z;0. 15, the range of loaded diameter to fphure diameter rai'o

should be restricted to 0. 18 to 0. 36. A few Lur!sory tests of alumina

spheres, not rcported he-re, indicated this range .-nay be extended to

as low its 0. 14 fur Poisson's ratio of 0. 24.

The data from Taitc 6-3 are plotted in I'igure 6-4I along with sonwc

preliminary flexural strength data on boron buboxidle. The flexural

39 -

data was obtained by four point bend tests (in SpccLimcrb0. 1 X 0. 2 X

C. 15 inches cut from hut pressed billets. The source of material for

the flexural F-pucinienii was idezitical to that for the sphex us. The

curvee for each set of data were best fit by inspection.

Although the strength values ineasured by the Lormprc-ssion of

spheres were. 25 to 3(1i( lower than t' flexural data, the predic ted

de;pendeceib of st-rngth on porosity ;ere in reasoniablu agreemvent.

P The equatiuxns for the two curveS are also shbown in Figture 6-4. The

average btrength of two) spheres of boron . rici was found tu be!

;Ipproxilliattely 10% hi 1 ))Qec thal lilt ;heroL purosity value of boronl

sutouxide Bpht rts.
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The relatively low degree of scatter encountered for diametrical

compression data was somewhat surprising since each data point

represents only one test specimen. Each data point on the flexural

* curve represents between 3 to 10 tests. The consistency observed

for the diametrical compression data may, of course, be fortuitous

in light of the small number of tests reported. It should bc pointed

out that the relatively small specimen sizes tested provide an even

smaller volumne of material near the region of -naximum tensile

stress. Based on the Weibull probability theory, consistent results

would be expected. It should also be emphasized that a number of

specimens were rejected on the basis 01: unacceptable loaded diameter

to sphere diameter ratios.

Surface cracks due to machining damiage are normally considered

to be the controlling parameters for flexural strength Ileasurenments,

With tl-ib in nmiid, it might be expef.ted that strength values fur the

diameutrically compressed spheres (whcre fracturce is initiated below

the surface) -sbould bc higher than fleXUral values. Tue(- observed

relationship Ioetween these values (an, however, he explained,

Flexural testsL produce uniaxial strebis qtates; whereas, thle diametrical

cuiprebsion uf a peeproduces a triaxia! strwe:state.It s el

the t riaxi a] s t ess stlt- c tan for the Uniaxial sttless btatc.



7. Summary I
The effect of porosity on the dynamic elastic moduli of polycrystal- a

line boron suboxide (B 6 0) has been determined at room temperature.
6I

The dependence of Young's and shear moduli on porosity were found

6 -
to follow Hasselman's semi-empirical relation with E = 68.5 xl 0 psi

0

and A = 5. 1. Based on the elasticity data obtained in this study and

the known values of theoretical density and microhardness, boron sub-

oxide should be nearly equivalent to boron carbide as a ceramic armor i

matcridl. Ballistic testing, however, is needed to substantiate this.

The diametrical compression of a sphere, under the proper con-

ditions, has been shown to provide a new tensile strength test for

brittle materials in which fracture is initiated beneath the specimen

surface. High speed photographic studies on glass spheres demon-

strated that fracture initiates near the center of the sphere which is

the location of maxinmum tensile stress. Strength values obtained by

this method were shown to be independent of surface finish, and to be

lower than flexural strength values.

This test method may be used to more closely approximate

unusual stress conditions such as those encountered during ballistic

impact. It may be useful fur obtaining mechanical properties data

whn only small spe(inen sizes are availablc, p)rtivul3rty when used

in conjunction with the resonant sphere technique foi elastic properties.

This method also hab the caipability of njeasuring, comparatively at
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least, intrinsic properties of a material rather than surface effects

of machining.

Further research should be directed toward determining the limits

of load distribution and the effect of Poisson's Ratio on those limits.

Also it may be possible to evaluate the triaxial stress state such that

the equivalent uniaxial stress for failhre may be predicted.
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8. Conclusions

S. The dependence of Young's Modulus on porosity for the porosity

range 0 to 16% was found to follow the relation

E = 68. 5 x 10 6 p5i [D +

2. Photographs of a diametrically cornpzossed glass sphere taken

. 3 p sec after fracture initiation showed that fracture initiation

occurred near the center of the sphere which is the region of

maximurn predicted tensile stress.

3. Tensile strength neasurements on diametrically compressed

glass spheres were found to be independent of surface finish.

4. Tensile strength valuub obtained by dii.metrically compressing

boron suboxide spheres were found to be 25 to 30% lower than

four point bend strengths on the same material.

5. The range of acceptable load distribution, i.e., loaded

diameter to sphere diameter ratio was found to be 0. 2 to 0. 36

for boron suboxide spheres.

,5
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APPENDIX A

Resonant Sphere Technique for Elastic Properlies

This method of determining the elastic constant 3 of small

36specimens was first presented by Fraser and LeCraw then

37further evaluated by Schreiber, Anderson and Soga. The

following is a summary of the theory and equipment for this method

as presented by Schreiber et al.

A-1 Free Oscillations of an isotropic Sphere

The equations of motion for the free oscillations of an isotropic

elastic sphere have been evaluated by mrany authors. Love 40 has

presented a detailed derivatiun which is far mnore than need be

included here2. Schreiber et al, have summarized the derivation

sufficiently to understand the experimental procedure and to I erform

the necessary calculations.

The equations for small oscillations of an isctropic elastic body

are given by

2u dv w 2L... .F- -21 - - = ( ))+ V (u, .N')
C) t2  t c 2  " tz  ) =  'O) 3 x 1 @y

A-1

where u, v, and w are x, y, and z components of the displac.inent

U, ( and k arc the shear noduli and Lani.'z constant and

cu V '4
-- + + A+
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I
For an elastic body U may be expressed by

Ziriw t
U = Ae A-3

Equation A-1 can then be rewritten as

(V +h = 0 A-4

where h = (2Tw)2 2G- A-5 I
For a body of spherical symmetry, Equation A-5 can be separated

into two functions; one dependent on the radius, the other on the

angular . ordinatcs. The angular function can be expressed as a bum

of surfacc spherical harmonics by 1,t (j) P4. (sin 0) c , wher-

P r1 is the associated LUgendre function, the integers £ and in denote

t .,- order -X. hc spherical harmonic with respect to the angular

coordinat:t -,) and y. Another integer associated with the radial

function is also requiied. This integer, usually signified by n,

dc-:t,.rnins the number uf nodal surfaces for a given vibrational ,node.

The notation used previously and adopted here is nriS for spheroidal

nmodes and n 'TM for torsional mlode,. Since for tisi, application only

th low,_.r nSX and n'l', modes are normally considered, the in is

! ~d .hted a-lld aai5U, t.d zro

A 'rsiulnal vibrations arc vp ue shear :mode,, i c. no radi;tl

dibJL, L e I'.ts occUr. 'I'll d if)1 (2 l ci Len at at Z11 N uirt 1. ( d ir .tt, d at

'iMl ig t lI.(, t O Ji 1dlI. (U f ; ; ! (.r. 'JIL Lhil,3,(tcri',tiL tqitiUol

i i !If( 4 t.11 11;j rmi--jimi' of Oil. for.:,umm.I WAk flliti')ii



i l~~(k a) + k aip (k a) 0 A-6

where a is the radius, ka is Z TT x frequency x shear velocity, and

b y,) i s a furvnion expressible in~ terms of a BebscI'b functionl by

the formula

Equation (A-6) no.'. Pacomcs

T 2
Somei of the numerical solutions to this equation were obtaimed by

Satc, and Ubanli4 for ka, and they arc listed in 'lable A-1. Figure

A-1 shows a~ sc1J(!niatic re~presenltationk of ai ftcw tors-ional niodcb.

The spheroidal oscillations ir~volve both transver.,c irnd radial

01o'inuntS Of the hi1icir Vk-oJ Idy, VS, ornd Ioigit-'lnal velc((ity, v J

.By using a qluantity Il a = Ziwv the characteristic equation to be:

solved is of thc foril

Z1 1 (u- )('3/2 (k a) nil-1I

k~~~ 3/?) (n+/Z(k)

-~~~~~~~~~~~ J In(u~) 1( nn~)nZ u+32(a (Ila)
2 (k-'a)2 ka (ki) ni 1 1 2 (ka) +7

=0 A-9

'ijI( c W kI is uxypl5JIl ill (A.IW of 'l-issuluis flitj(), 1', ha (till

t l 1tjUL I.(Id lor ;:11Y v ll'ic 01 I.2lfJjILiu (~-i, ai
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Table A-1 Nondirnensional Frequency of Torsional

T
Oscillation (ka); n je of a Honogencous Sphere.

= . 5.7635 9.0950 1. 3429 15. 5146

Z 2. '01 1 7.13L0 10. 5146 1-. 7717 l. 9631

3 3. 8647 3.4449 11,8817 15. !754 18.4 1

4 5.01)46 9. 71", 13. 219 16. 5445 19. 8094

5 6. 2653 10. 950t, 14.4108 '1. 6i358 21. 1506

6 7.403 .12.164 I 576 19. 0Z zz. 5296

7 5 ., 19') 13. RA6 1, 17,04.,0 Z0. 5 034/ 23. 8601

8 9. 621 0 1,t. 518,t 6 b. "1617 1 2 1. 71

9 10. 710 , 15,7Z04 19. 51')2 23. (),4r,
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411kz

Sato and Usami 4 1  have also calculated values of h a for a number of A

:,54 modes at a few values of Poisson's ratio, and they are shown in

Table A-2. Fraser and LeCraw, however, have p:.-rformed more

extensive computations and constructed the set of curves shown as

Figure A-2.

The values of ha and k a can be thought of as nondimensional

irequcrcies. The (-antities n /ha and iT /ka are the ratios of

the period of oscillation to the time taken for a transverse or shear

wave to traver.se a distance equal to the diameter of the sphere. If

the frequency (f) of a particular torsional mode is measured, the

shear velocity of sounC of the material can be calcu ated from thc

di ainetcr of and

V -rr fd/(ka) A-] I

A-L Equipment and Operation

The equipin-,int uts i n this study had been previously built by

L. Schr' iber foi" the Air 1'orce Mat,.Eri l: Laboratory. A list of

parts as given by Schreibcr et al. is given in Table A- 3 and a

sch.(ematic wiring dOi, ram is si wi, in Figixr. A-3.

R(fJcrr imp to F"j4uric A- 3, the bignal froj,11 tt- ircqcney g( nerator

is iir,t arnll)lilid al tbhcn -ic-nt t to arn clc trunik ivwit(.h whi c h iS

cos),jtanly beig t[iggr rcd on and aff b*y the gate ;r ni thr



Table A-2 Nondimensional Frequency of Spheroidal

Oscillation (h a), n £ , of a Iomogeneous Sphere.

}olbson's Ratio

M iudc 0. 10 0.17 0. 25 0. 33 0.40

1 0 3. 3977 3.8071 4.4400 5.4322 7. 09516' II 2. 615Z Z.,6?7') 2. 6399 2. 6497 Z. 6569

S

1 3 3. 8360 3. 6771 3. 9163 3. 9489 3. 9731

1 4 4. 8747 4. 9425 5. 0093 5. 0662 5. 1090

1 S5 5.8511 5. 9416 6.0327 6.1116 6. 172Z

z 1 3. 0737 3. 24-, 3.,4245 3. 5895 3, 7168

202 4.4129 4.6263 4. eb53 5. 0878 5. 2619
5I

253 5.9597 6. 1924 6. 454,1 6.6959 6. 8811

3 1 5. 8951 6.2383 6.7713 7.2306 7.3705
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Table A-3 Description of Equipment Requirements

For the Resonant Sphere Technique

Component Requirements Presently Used
Compone nt

Frequency Counter Should read out to Hz, Hewlett-Packard
fromn 0 to 5 Mi-Iz 'Model 5a44L

F'requnrcy Generator Continuous and stable R~hode and Schwartz
frequency control fromn XUA synthesizer
0. 1 to 3 Mz 1,-and con-
trollable output to 2
volts on a 50 oAm load.

Solid State Switch, Single-pale double-thlrow Sander Associates
with high isolation Model DS-16

Amiplifier Wide band ariplifier H-ewlet-Packard

Model 4(6ZAI
Oscilloscope Dual timne base Tektronix~ type

dual channel RM 35A
Transducers She ar mnode transducers Gulton Industries

with resonant freqluencies Glennite Pie so-
between I to 3 MHz ceramnics Catalog

No. PIN 3P1-HST-
21
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oscilloscope. When the switch is in the "ON" position the signal goes

to the driving transducer which vibrates the sphere. When the switch

is in the "OFF" position, no signal is sent to the driver. The signal

from the pickup transducer is amplified and displyed on the oscil-

loscope. If the frequency with which the sphere was vibrated (with

switch "ON") was a resonant frequency, a decay pattern will be dis-

played (when the switch is "OFF"). If the vibrating frequency was not

a iesonant frequency, no pattern is displayed. Figures A-4 and A-5

show the resonant and nonresonant conditions, respectively.

The detection of the resonant condition can be monitored by

watching the oscilloscope or by using an X,Y reo'dc*, l, either

case the precise reading of the resonant frequencies should determine

using a frequency counter and careful manual adjustment.

Although i.t was not considered in this investigation, this equip-

ment is capable of providing infocnation about internal damping. A

simple R C circuit with variable resistor provides a source of variable

clectronic Q. When the decay patterns are displayed simultaneously

(o. a dual trace osc~lloscope) an estimation of the internal friction of

36
the sphere i5 possible. See Fraser and LcCraw for further

dltails.

Table A-4 is included in this Appendix to show the relationships

between the elastic muduli of i-otropic bodies. As can be seen from
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MTYPE RM35A OSCILLOSCOPE.

focus S

Figure A-4. Oscilloscop( pattern sho\x1ng resonant condition.

Figure A-5. Oscilloscope pa-tern show.ing nonre ,oiant condition.
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the table, when any two mnoduli a::e known the other four can be

calculated.
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APPENDIX B

Stress Distribution in a Diametrically Loaded Sphere

An analysis of the stress distribution in a diametrically loaded

sphere with a distributed load has been accomplished by Shook. 34

The analysis is analogous to the similar problem of the diametrically

loaded cylinder gi,,en by Timoshenko and Goodier.

The solutions to the problem of a load distributed over a circular

area on a semi-infinite solid (sec Figure B-I) are also given by

Timoshenko and Goodier as
3

-= qi+ z B-
(a + z

L j

r - 2 (I+2v) + +3"(

where, a radius of the loaded area

z distance along loaded diameter

r direction transverse to load

d diameter of sptL.:re

2
q load inten'-ity ; P/ .i a

v Poisson's ratio

It has also been shown that a semi-infinite solid under a point

contains an effective 6phere tangent to tl,e point o loading which

2
experiences a constant corapressive stress of 3P/Z.rrd at all points
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on its -urface. When such a sphere is extracted from the semi-infinite

solid thre must exist a constant tensile load of 3P/2Trd at all points

on its surface.

Superpositioning, then, the constant tensile stress on the solution

for stresses in the semi-infinite solid, the stresses in a diametrically

loaded sphere become

T + U 4 3PiZlrd B-3

z(sphere) z P dz

C d z - c d z (l-c)d

0~ 2
+ a'j + 31/2-rd B-4

r(sphere) i -r + r +

z = cd z cd z- (l-c)d

where Q € c 1. The complete sulutions given above mubt account for

the stresses developed by both the top load a.id the bottom load; thus

the two calculations at depths e-quivalent to the distance to cach load

point. The distribution of stresHes is, of course, symmetrical about

the [ .... diame-ter as well as about the plan.! transverse to the

loaded diarmeter through the center of the sphere.

Figure B-/ shows two sets of curves which des.cribe thv radiil

st.rets dittribution in a diai:etrically luadcd Spiere. The ;urveF

iitvicstctirig the origin indiciLte the po~iitioni along th loadeu diaue te -"

at which the ma xinurn n-tros!, oc( ur for a given ioaded dial icter to

iJ)hL'IY' d iet~llttC r r0.¢io 1td(1 iPoi:,SQonK', Iatiu. ThC( ottAr .,t't Of ( uLrVe.I

indik-idtt a diii en sioiile ss coiSL a'I, whi.}L, Wbl'i Inuitiplicd by" the load



and ctivicled by thu square of the sphere diameter, predicts theA

inaximumn radial stress.I
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